ABSTRACT Site-directed mutagenesis was performed on the 1.6 and 1.9 kilobase spinach (Spinacea oleracea) ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) activase cDNAs, encoding the 41 and 45 kilodalton (kD) isoforms of the enzyme, to create single amino acid changes in the putative ATP-binding site of Rubisco activase and in an unrelated cysteine residue Spinach (Spinacea oleracea) Rubisco activase has two isoforms with molecular masses of about 41 and 45-kD that are derived from altemate splicing of the same or very similar primary transcripts (25). The mechanism by which Rubisco activase activates Rubisco in the presence of RuBP, the nature of the association of Rubisco and Rubisco activase, the relationship of the Rubisco activase and intrinsic ATPase activities, and the role of the two isoforms are still unclear. To begin to address these questions, expression clones for the two isoforms were constructed (19) and mutant proteins with single amino acid substitutions were synthesized in Escherichia coli. A series of mutations for three amino acids (Lys-107, Gln-109, and Ser-112) in the consensus ATP-binding site were prepared to determine the contribution of each individual amino acid to ATP binding and enzyme activity. Another residue, Cys-256, which is not included in any known consensus nucleotide-binding sequence and located further downstream of this ATP-binding site, was also chosen for mutagenesis because of the possibility it might be involved in disulfide bond formation or subunit interaction.
Rubisco activase are not tightly coupled and that variations in photosynthetic efficiency may occur in vivo by replacing the wildtype enzyme with mutant enzymes.
Rubisco (EC 4.1.1.39) catalyzes the initial steps of photosynthesis and photorespiration (10) . To become catalytically competent, Rubisco must first be activated by carbamylation of a lysine residue on the large subunit of the enzyme (9) . Rubisco activase has been shown to be required for the activation of Rubisco in vivo and in the presence of physiological concentrations of RuBP2 in vitro (12, 17) , and its activity is ATP-dependent (15, 21) . Sequence analysis of Rubisco activase cDNA identified a glycine-rich consensus segment (G-G-GK111S) (26) , which is homologous to other ATP-binding proteins (3, 5, 24) . Directed mutations of Rubisco activase cDNA that modified the Lys-1 11 site completely abolished Rubisco activase activity,3 confirming the essentiality of this residue for activity (19) . ' Present address: Experimental Station, E. I. Du Pont de Nemours & Co., P.O. Box 80402, Wilmington, DE 19880-0402. 2Abbreviation: RuBP, ribulose-1,5-bisphosphate.
In Shen et al. (19) , the numbering system for amino acid residues 1201 Spinach (Spinacea oleracea) Rubisco activase has two isoforms with molecular masses of about 41 and 45-kD that are derived from altemate splicing of the same or very similar primary transcripts (25) . The mechanism by which Rubisco activase activates Rubisco in the presence of RuBP, the nature of the association of Rubisco and Rubisco activase, the relationship of the Rubisco activase and intrinsic ATPase activities, and the role of the two isoforms are still unclear. To begin to address these questions, expression clones for the two isoforms were constructed (19) and mutant proteins with single amino acid substitutions were synthesized in Escherichia coli. A series of mutations for three amino acids (Lys-107, Gln-109, and Ser-112) in the consensus ATP-binding site were prepared to determine the contribution of each individual amino acid to ATP binding and enzyme activity. Another residue, Cys-256, which is not included in any known consensus nucleotide-binding sequence and located further downstream of this ATP-binding site, was also chosen for mutagenesis because of the possibility it might be involved in disulfide bond formation or subunit interaction.
MATERIALS AND METHODS
Site-Directed Mutagenesis and Clone Construction Mutant clones were prepared by the site-directed mutagenesis procedure described earlier (19) and modified from Kunkel et al. (7) . The full-length cDNA pRCA1.9 (25) was subcloned into the EcoRl site of pTZ18U, which was then used to prepare single-stranded templates for the mutagenesis reactions. The following synthesized oligonucleotides (base mismatches underlined) were used to construct mutant clones: (a) 5'-GGATTTACCTTGACCCGCGCCTCCCCA-AAC-3', to change Lys-107 to Ala; (b) 5'-CCTTGACCC-NTGCCTCCCC-3' (N = G or T), to change Lys-107 to Arg or Met; (c) 5' -GGATTTACCTTNACCCTTGCC-3' (N = C or T), to change (25) . transformed cells were screened and identified by sequencing of single or double-stranded DNA from mini-scale preparations. The Kpnl fragment (position 550-869) (26) containing the mutant ATP-binding sequence was purified from lowmelting agarose and subcloned into the KpnI site of pPLEX1.6 or pPLEX1.9 from which the wild-type KpnI fragment had already been removed. For the mutation at Cys-256, a 1249 base pair HindIII fragment from position 661 (26) to the HindlIl site in the polylinker, was inserted into the HindIII site of pPLEX1.6 from which the wild-type HindIII fragment had been removed. Mutant clones were screened by immunoblot analysis of protein in extracts of transformed cells cultured ovemight to select the clones with the correct orientation. To confirm that only the mutation of interest was present, double-stranded DNA sequencing was conducted again throughout the entire KpnI fragment or the HindIII fragment in the mutant expression clones. Rubisco activase activity was first assayed in the crude lysates of the mutants in the 41-kD isoform (pPLEX1.6). Only mutations with activity were subcloned into the 45-kD isoform (pPLEX1.9). We intended to change the Ser-1 12 residue to Thr or Pro using the same mixed oligonucleotide. However, all the mutants obtained encoded a Pro residue at position 112, and no Thr mutant was recovered. Ser-256 was constructed only in the 45-kD isoform due to subcloning difficulties with pPLEX1.6 in this instance.
Protein Isolation and Assay
Rubisco activase proteins were produced in transformed E. coli strain UT421 containing the appropriate pPLEX expression vector, extracted and purified as described previously (19) . Rubisco protein was determined spectrophotometrically from the formula mg Rubisco/mL = A280 X 0.61 (27) . All other protein determinations were made with the dye-binding assay according to the manufacturer (Bio-Rad4), using BSA as a standard. Average values were determined from duplicate measurements. SDS-PAGE was performed using the buffer system described by Laemmli (8) , using a 5% polyacrylamide stacking gel and a 12% resolving gel.
Rubisco Activase Assay
The Rubisco activase assay was performed as described by Robinson and Portis (15 This turn terminated with the absolutely conserved Lys residue (position 111 in spinach Rubisco activase). In adenylate kinase, this region has been designated a flexible loop, and was suggested to be involved in binding of one of the phosphate groups of ATP (3) . A second conserved nucleotidebinding region, sequence B, was located in a hydrophobic 13-strand ending with an Asp residue (position 169 in spinach Rubisco activase), and was proposed to interact with the Mg2+ of the MgATP complex (2, 3, 24) .
Rationale for Mutations in the ATP-Binding Site and Cys-314 Figure 2 shows the amino acid sequence of spinach Rubisco activase and the residues that are most conserved among the ATP-binding proteins described thus far (3, 5, 6, 24) . Lys-111 is an absolutely conserved residue and has been proposed to associate with one of the phosphate groups of ATP (3, 24) . It was chosen for the first target of mutagenesis and was shown to be essential for Rubisco activase activity (19) . Lys-107 and Gln-109 were not conserved in this Gly-rich consensus sequence, and were considered to be good candidates for site-directed mutagenesis for modifying the structure of the molecule without completely losing activity. Lys-107 was (Fig. 3) . The Rubisco activase polypeptide was not present in the pPLEX1.6-Ala-107 soluble fraction and was greatly diminished in pPLEX1.6-Arg-107 (Fig. 3A) . The color reaction in the western immunoblot of Figure 3A was considerably overdeveloped to detect trace amounts of Rubisco activase protein encoded by pPLEX1.6-Ala-107 and pPLEX1.6-Arg-107. Analysis of uncentrifuged crude extracts of E. coli cells containing pPLEX1.6-Ala-107 and pPLEX1.6-Arg-107 indicated the presence of significant levels of Rubisco activase (Fig. 3B) , and thus they were present largely as insoluble proteins. Further characterization of these two mutant proteins was not pursued. There was no Rubisco activase protein from E. coli transformed with the pPLEX vector without an insert (Fig. 3B, lane 13) .
Protein Purification
Protein synthesis in the two Rubisco activase expression clones (pPLEX1.6 encoding the 41-kD isoform, and pPLEX1.9 encoding the 45-kD isoform) was driven by a strong XPL promoter in a constitutive expression system (19) , providing a high yield of Rubisco activase polypeptide (Fig. 3C) spinach. The specific activities, apparent affinity for ATP, and Rubisco activase/ATPase activity ratio of the enzymes were found to be comparable to earlier work by Robinson and Portis (14, 15) . Thus, the structure of the cloned polypeptides obtained from E. coli is probably very similar to the native form of spinach Rubisco activase, and the presence of the two additional N-terminal amino acids in the cloned enzyme expressed in E. coli is without major effect on activity. Mutation of Lys-107, Gln-109, Ser-1 12, and Rubisco activase assays were first conducted with crude lysates of the mutant clones in the 41-kD isoform. From the six altered cDNAs produced, activity was found only in the Met-107 and Gln-109 mutant proteins (encoded by pPLEX1.6-Met-107 and pPLEX1.6-Glu-109) ( Table I, Fig. 4 ).
These two mutants were then chosen to construct the 45-kD mutant isoforms (encoded by pPLEX1.9-Met-107 and pPLEX1.9-Glu-109). Additionally, pPLEX1.9-Ser-256 also encoded a soluble protein with activity. The kinetics of both Rubisco activase and ATPase activities were examined for the purified wild-type and mutants in both isoforms. Replacement of Lys-107 with Met in both isoforms led to reduced Rubisco activase activity (Figs. 4 and  5) . Unexpectedly, the substitution of Glu for Gln-109 in the 41-kD isoform increased Rubisco activase activity about threefold (Fig. 4) , but the Glu-109 mutation in the 45-kD isoform had a Rubisco activase activity similar to wild type (Fig. 5) . ATPase activities were reduced in the Met-107 mutant proteins, consistent with the reduced Rubisco activase activities. The Glu-109 mutation in both isoforms showed reduced ATPase activities, even though there was a higher Rubisco activase activity in the 41-kD isoform (Fig. 4) and a similar Rubisco activase activity in the 45-kD isoform (Fig.  5) . Therefore, the ratio of Rubisco activase to ATPase activity was considerably increased by the Glu-109 mutation (Table  I ). The replacement of Cys-256 with Ser resulted in reduced Rubisco activase and ATPase activities (Fig. 6) . The specific activities and ratio of Rubisco activase/ATPase activities of the two wild-type and five mutant enzymes are summarized in Table I .
DISCUSSION
In addition to the absolutely conserved Lys-111, which is essential for Rubisco activase and ATPase activities (19) , there is another Lys residue at position 107 in spinach Rubisco activase (Figs. 1 and 2) . Mutation of Lys-107 to Ala or Arg rendered the protein largely or completely insoluble (compare Fig. 3, A and B) . Changing the Lys-107 to Met in both the 41-and 45-kD isoforms created polypeptides in which both the Rubisco activase and ATPase activities were decreased without a significant change in the apparent affinity for ATP. This suggests that Met-107 does not affect the binding of ATP, but rather alters catalytic efficiency. Although the existence of a second Lys in this Gly-rich region is not common, the transcription termination factor p protein of E. coli contains an additional Lys, Lys-181, which is near the highly conserved Lys-184 (1) . From a prediction of the tertiary structure, it was proposed that Lys-184 might be able to interact with the a-phosphate of ATP, whereas Lys-181 was situated in a region near the p-and -phosphorous atoms (1).
This hypothesis does not seem to apply to Rubisco activase, because the highly conserved Lys-1 11 could not be replaced by either Arg, Ile, or Thr in the presence of the Lys-107 residue (19) . The positive charge of Lys-107 does not seem to be essential, because activity was retained in the presence of the nonpolar Met residue.
Although Gln-109 is not part of the consensus ATP-binding region as described by Walker et al. (24) , it is located in the middle of the ATP-binding loop (Fig. 1) . When Gln-109 was replaced by Lys, there were three Lys residues (Lys-107, Lys-109, and Lys-111) in this region and the enzyme possessed no activity. The positive charges could repulse each other to strain the loop, leading to the loss of the ability to bind ATP. However, replacing Gln-109 with Glu in the 41-kD isoform led to a threefold higher Rubisco activase activity (Table I, Fig. 4) . The negative charge of Glu-109 may therefore help to balance the positive charges from the two Lys residues on either side and stabilize the loop structure. The change in ATPase activity in this mutant protein did not parallel the change in Rubisco activase activity but remained similar to wild type, thereby increasing the Rubisco activase/ ATPase activity ratio (Table I ). Cys-256, removed from the conserved ATP-binding regions in the primary sequence of spinach Rubisco activase, resides in a fl-strand of the predicted secondary structure (Fig. 1) . Although a potential for forming intra-or intermolecular disulfide bonds was not assessed, the sulfhydryl group was apparently not essential for activity (Table I ). The lower apparent affinity for ATP and lower activities of Rubisco activase and ATPase with this polypeptide (Fig. 6 , 
